We study cooperative effects in energy transfer (ET) from an ensemble of donors to an acceptor near a plasmonic nanostructure. We demonstrate that in cooperative regime ET takes place from plasmonic superradiant and subradiant states rather than from individual donors leading to a significant increase of ET efficiency. The cooperative amplification of ET relies on the large coupling of superradiant states to external fields and on the slow decay rate of subradiant states. We show that superradiant and subradiant ET mechanisms are efficient in different energy domains and therefore can be utilized independently. We present numerical results demonstrating the amplification effect for a layer of donors and an acceptor on a spherical plasmonic nanoparticle.
Efficient energy transfer (ET) at the nanoscale is one of the major goals in the rapidly developing field of plasmonics. Förster resonance energy transfer (FRET) [1, 2] between spacially separated donor and acceptor fluorophores, e.g., dye molecules or semiconductor quantum dots (QD), underpins diverse phenomena in biology, chemistry and physics such as photosynthesis, exciton transfer in molecular aggregates, interaction between proteins [3, 4] or, more recently, energy transfer between QDs and in QD-protein assemblies [5] [6] [7] . FRET spectroscopy is widely used, e.g., in studies of protein folding [8, 9] , live cell protein localization [10, 11] , biosensing [12, 13] , and light harvesting [14] .
During past decade, significant advances were made in ET enhancement and control by placing molecules or QDs in microcavities [15] [16] [17] or near plasmonic materials such as metal films and nanoparticles (NPs) [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . While Förster transfer is efficient only for relatively short donor-acceptor separations ∼10 nm [3] , a plasmonmediated transfer channel supported by metal NPs [32] [33] [34] [35] [36] [37] , films and waveguides [35, 38] or doped monolayer graphene [39] , can significant increase the transition rate at larger distances between donor and acceptor. At the same time, dissipation in metal and plasmon-enhanced radiation reduce the fraction of donor's energy available for transfer to the acceptor. In a closely related phenomenon of plasmon-enhanced fluorescence from a single fluorophore [40] [41] [42] [43] , the interplay between dissipation and radiation channels, which determines fluorophore's quantum efficiency, depends sensitively on its distance to the metal surface [44, 45] . A nearby acceptor will absorb some of the donor fluorophore energy via three main transfer channels: Förster channel, non-radiative plasmon-mediated channel, and plasmon-enhanced radiative channel, the latter being dominant for intermediate distances [37] . The fraction of the donor energy absorbed by the acceptor is then determined by an interplay between transfer, radiation and dissipation channels, so that an increase of ET efficiency implies either increase of the transfer rate or reduction of the dissipation and/or radiation rates.
Here we describe a novel cooperative amplification mechanism for ET from an ensemble of donors to acceptors that takes advantage of the subtle balance between energy flow channels in a plasmonic system. In a typical experimental setup, a large number of donors are deposited on top of a silica shell around a gold or silver core of a spherical core-shell NP, while the acceptors are attached to the NP surface via linker molecules (see schematic in Fig. 1) . If the donors' separation from the metal surface is not so small that dissipation is the dominant channel, then the donors' coupling through NP plasmons gives rise to new system eigenstates -superradiant and subradiant states [46] , which, in the presence of a NP, are considerably more robust due to a strong plasmonic enhancement of radiative coupling [47, 48] . In this case, ET to an acceptor takes place from these collective states rather than from each of many individual donors. Importantly, the energy flows in a system in the cooperative regime differ dramatically from those in a system of individual donors. While a few superradiant states carry only a small fraction of donors' energy, the large matrix element with external electric fields leads to a huge decay rate that scales with the system size. In a similar manner, the large coupling of superradiant states with the electric field of an acceptor spatially separated from the donor layer increases the transfer rate and ensures, as we demonstrate below, a much more efficient plasmon-assisted ET than from the same number of individual donors.
On the other hand, the multitude of subradiant states which store the nearly entire system energy are characterized by a much slower decay rate than individual donors coupled to a NP [47, 48] implying lower energy losses through dissipation and radiation channels. As we show below, this reduction of losses in the cooperative regime leads to a dramatic ET amplification relative to ET from individual donors. Importantly, here the reduction of losses does not require continuous pumping to sustain loss compensation by gain medium, but takes place "naturally" due to plasmon exchanges by the donors.
To pinpoint the origin of cooperative amplification, consider ET from a single donor to an acceptor near a metal nanostructure. The fraction of transferred energy, W ad , in unit frequency interval relative to the total energy stored in the donor, W d , is given by [37] 
6 , where r F is the Förster radius determined by the overlap of donor and acceptor spectral bands. In the case of many individual donors (i.e., not interacting with each other), the r.h.s of Eq. (1) is summed over all donors positions.
For an ensemble of donors, ET takes place from the system eigenstates, hereafter labeled by J, and Eq. (1) holds for each eigenstate, while the ET spectral density is obtained by summation over all eigenstates J,
where Γ J ,f J (ω), andD aJ (ω) are, respectively, the eigenstate J decay rate, spectral function, and coupling strength to the acceptor. The full energy absorbed by an acceptor is obtained by frequency integration of Eq. (2). The derivation of Eq. (2) is provided in Supplemental Material, and here we discuss its implications and present our numerical results. In the cooperative regime, the superradiant states are strongly coupled to the electric field of an acceptor, i.e., D aJ ≫ D ad , while subradiant states decay much slower than individual donors, i.e., Γ J ≪ Γ d . In both cases, the result is a significant amplification of ET. This is illustrated in Figs. 1 and 2 for an ensemble of 100 donors randomly distributed on surface of a spherical core-shell NP of radius R immersed in water, with Ag core radius R c and Silica shell thickness L = R − R c , and an acceptor at distance d = 10 nm from the NP surface (see inset in Fig. 1 ). We assume that the donors' and acceptor's dipole orientations are all normal to the NP surface and their respective emission and absorption bands are Lorentzians of width 0.1 eV centered at energies ω d and ω a . We expect that in the cooperative regime, the superradiant states are dominant at energies near the dipole plasmon resonance, while subradiant states are best developed at energies close to those of l = 2 and l = 3 plasmons (note that, at a given distance, dipole-NP interaction rapidly falls with increasing l). Accordingly, we use two sets of donors and acceptors: set 1 has ω d lying in the dipole plasmon band (at 3.15 eV), and set 2 has ω d lying in the higher-l plasmons region (at 3.85 eV); in both cases, ω a is redsifted by 0.1 eV from the corresponding ω d . Note that high-l plasmons with energies above 4.0 eV are damped by electronic interband transitions in Ag.
In all calculations, we used experimental Ag permittivity and included angular momenta up to l max = 75.
In Fig. 1 we plot the energy dependence of normalized ET, given by Eq. (2), for Ag core radius R c = 20 nm and SiO 2 shell thickness in the range from 5 nm to 50 nm (i.e., overall NP radius R between 25 and 70 nm). ET for each donor-acceptor set is compared to ET calculated for individual donors and all curves are normalized per donor. For relatively thin shells, the individual donor approximation yields significantly higher ET for set 1 since it neglects plasmon exchanges between the donors and hence underestimates the dissipation, while ET for set 2 is suppressed by very strong dissipation in the high-l plasmon region. With increasing shell thickness, as donors move away from the metal core, the system transitions to the cooperative regime [47, 48] and ET from superradiant states (set 1) overtakes ET from individual donors due to the much stronger coupling to the acceptor, as discussed above. At the same time, ET from subradiant states emerges (set 2) and, for thicker shells, significantly exceeds ET from individual donors due to the much slower decay rates. Remarkably, the superradiant and subradiant amplification mechanisms can be utilized independently in different energy domains. For larger NP, the ET amplification sharply increases (see Fig. 2 ) due to a stronger plasmon-enhanced radiative coupling between the donors [37] that leads to a more robust cooperative regime [47, 48] . The peak enhancement for both set 1 and set 2 relative to individual donors reaches ∼ 10 for the largest NP. The crossover to the cooperative regime is determined by the ratio of shell thickness to core radius (L/R c ) rather than by shell thickness alone, and therefore ET for R c = 30 nm core NP overtakes ET from individual donors at thicker shells (compare Figs. 1 and 2) . Importantly, the evolution of cooperative ET and of ET from individual donors with increasing shell thickness show opposite trends: the former increases with thickness while the latter is reduced. The role of cooperative effects is most pronounced in frequency-integrated ET relative to that for individual donors (amplification factor). This shows a dramatic ET increase for larger NP at similar values of shell/core ratio (Fig. 3) . The onset of the cooperative regime corresponds to amplification factor ∼ 1 and takes place at shell/core ratio ∼ 1. With increasing shell thickness, amplification factor reaches ∼ 5 for 20 nm core NP and ∼ 20 for 30 nm core NP.
With further increase of NP size, ET amplification should eventually saturate and, as the system size exceeds the radiation wavelength λ (∼ 400 nm in our case), scale back to ∼ 1. Indeed, as system size approaches λ, the plasmonic field enhancement weakens due to retardation effects and the cooperative regime is destroyed by the dissipation effects [47, 48] . The optimal NP size for cooperative amplification of ET is expected to be similar to that for plasmon-enhanced fluorescence [40] [41] [42] [43] .
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